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Effect of ice—quenching after oxidation on the change in hardness and
microstructure during porcelain firing in a metal—ceramic Au—Pd—Ag—In alloy

Ji-In Jeong, Hye-Jeong Shin, Yong-Hoon Kwon, Hyo-Joung Seol

Department of Dental Materials, School of Dentistry,
Pusan National University, Yangsan-si, Korea

In this study, Au-Pd-Ag-In metal-ceramic alloy was examined by ice-quenching after oxidation treatment during firing process
to investigate the effect of changes in hardness and the associated microstructure and crystal structure. For this, the hardness
test was conducted at each firing process and the changes in microstructure, crystal structure and element distribution were
researched. The ice-quenching after oxidation treatment softened the specimen. However, the hardness recovered immediately
from the next firing process, maintaining a high hardness value to the final firing process. In addition, the microstructure of
the alloy was not changed even after completion of firing process when ice-quenching was performed after oxidation treatment.
The matrix and precipitates were consisted of face-centered-cubic (FCC) structure, and considered to be the Au-Pd-In phase
containing a small amount of Ag and the Pd-Au-In phase containing a small amount of Ga, respectively. From the above results,
if the ice-quenching is performed after oxidation treatment, it will be easier to implement the fitting adjustment of the metal
substructure without affecting the final hardness of the alloy.
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Table 1, Chemical composition of the specimen alloy

Composition Au Pd Ag In (Ga+Ru)
wt. % 542 31.0 48 9.0 1
at.% 391 414 6.32 11.14 204
Table 2, Simulated porcelain-firing cycles
Pre- Hold Vacuum
Firing . Heat rate Low temp. Final temp. . Vacuum level
cycles arying (*c/min) () () time (inHg) release
y (min) (min) e (c)
Oxidation 0 65 650 1010 0 0 -
Wash 8 65 500 930 1 29 930
Opaque 8 65 500 960 1 29 960
Main Bake 7 45 600 930 0 29 920
Glaze 5 50 650 930 0 0 -
Table 3, Cooling rate during simulated firing
Cooling rate Ice-quenching Stage 0 Stage 1 Stage 2
Condition COO'SZHSKmrapld ?:rrfe;:;;bf; TOV;S Firing chamber opens Firing chamber opens
. d . g Y o PP about 70 mm about 50 mm
into ice brine end position
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Table 4, The statistics of the hardness as a function of the cooling rate after oxidation

Cooling rate Ice-quenching Stage 0 Stage 1 Stage 2
Hardness 224 07° 27410° 274.70° 275.77°
(Mean+SD) +2.89 +1.37 +219 +197

The values are expressed as meanz+standard deviation, Statistical significance was analyzed by a one-way ANOVA at a=0.05, followed by a
Tukey HSD test for multiple-comparisons, Same lowercase letters indicate that there are no statistical differences among cooling rates,
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Table 5-1, Tests of main effects (firing step, cooling rate after oxidation) and two-factor interactions on hardness

Factor F (P)

Cooling rate after oxidation

98,281 (0.000)
(Stage 1, lce-guenching) 281 (0.000)

Firing step

(Oxidation-Glaze) 161.982 (0.000)

Cooling rate after oxidation

- 155,044 (0.000)*
x Firing step

* Statistical significant difference (p<0,05), Statistical significance was analyzed by a RMANOVA (Repeated Measure ANOVA) at a=0,05, F,
variance ratio (between-group variability/within-group variability); P, probability,

Table 5-2. The statistics of the hardness as a function of the cooling rate and firing step

Hardness (HV, Mean+SD)

Cooling rate
Oxidation Wash Opaque Main Bake Glaze
, 004,07 07544 273 61 073 44 073 64
\oe-quenching +289* +3 53" +191% +178"® +2 24
St 1 07430 276.36 070 51 07511 27513
g +095% +0 40/ +6.74" +4.19/ +4.35%

The values were expressed as meanzstandard deviation, Statistical significance was analyzed by a RMANOVA (Repeated Measure ANOVA) at
a=0,05, followed by tests of within subject contrasts and Tukey HSD test for multiple comparisons, Same uppercase letters indicate that there
are no statistical differences between the cooling rate after oxidation (Stage 1, ice-quenching) and same lowercase letters indicate that there are
no statistical differences among firing steps (oxidation-glaze).
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Figure 1, Changes in hardness of the specimens during the porcelain-firing simulation (with the standard deviation marked in). As
cast: bench-cooled after casting.
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Figure 2-1. Microstructure of as-cast and oxidation specimens: As-cast (AS-CAST), ice-quenched after oxidation (OXI-IQ), and cooled
at Stage 1 after oxidation (OXI-S1) at magnifications of x2,500 (left), xX8,000 (middle), and *50,000 (right), For AS-CAST, specimens
were bench cooled after casting, Circle marks indicate matrix with precipitation.

sk Ae & F#8 Aedt AHOXIQ)F Akst A g
% Stage 102 WYZ3k AJH(OXI-S)S 242y Wash #2]s)aL
Stage 102 W7}k AIH(WASH-S1(I1Q), WASH-S1), A+z}
2] & Stage 102 Y7+ek AJH(OXI-S1)l| A 9} FAlSH
A FZ7F FAE QT B3 WASH-S1(IQ) 2} WASH-S1
S 249 HE W2 Glaze BAZMA A28kl Stage
10 2 YzFsk A|H(GLAZE-S1(IQ), GLAZE-S1)S| X & A3}
2] §- Stage 108 ¥ZHgh AJH(OXI-SDolA Lojxl A}
frAReE WA 27 FA EATHO 3271,

42

3. 2o 2dof uE APyxe| HEt

Figure 3% % & B9 &24& sy Yzt £=&
Stage 102 FA3}A dto] YA 7] g9 AATFZ9
W3S st Aot T3 AES Ats) Aeet & st
AlA(OXIHIQ)2 HAYHTZ(FCC)e T (a )0l
o, ARPIF FHE 200=4.002 A2l AL E eI} Ak}
#2] & Stage 122 Y743k AIH(OXI-S1)2] XRD Ao A
= A3 agrto] FAFRTE Wash *2] & Stage 102
WZEAIZ] AJE(WASH-S1(IQ), WASH-S1)¥} 25 2o] 24
< $53F A|HQ GLAZE-S1(1Q)9} GLAZE-S19X %= &Y



Figure 2-2, Microstructure after wash and glaze: Wash treatment of OXI-IQ (WASH-S1(IQ)), wash treatment of OXI-S1 (WASH-S1),
glaze treatment of OXI-IQ (GLAZE-S1(IQ)), and glaze treatment of OXI-S1 (GLAZE-S1) at magnifications of x4,000 (left), x8,000
(middle), and x50,000 (right). Circle marks indicate matrix with precipitation.
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Figure 3, Change in XRD Patterns during porcelain-firing simulation,

r — o -  Electron kmage 4 o Gum ! Electron Image 1

Figure 4-1, FE-SEM image of GLAZE-S1(IQ). M: matrix, P: Figure 4-2, FE-SEM image of GLAZE-S1. M: matrix, P: precipitate,
precipitate, SP: fine precipitate, SP: fine precipitate.
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Table 6, Spot EDS analysis at regions marked in Fig.

4

Region (at %) Au Pd In Ag Ga Ru

M 496 + 21 3r7 £ 17 73 + 16 54 + 04 0 0

GLAZE-S1 P 297 + 09 488 +18 154 £09 0 61 + 15 0
SP 350 = 20 452 £ 15 138 £ 08 21 £ 18 39 £ 10 0

M 491 + 14 359 + 10 78 + 03 73 + 14 0 0

GLAZE-S1(IQ) P 299 + 09 488 + 08 164 £ 04 0 49 + 03 0
SP 350 = 11 466 £ 12 140 £ 07 0 44 =+ 06 0

The values were expressed as mean+standard deviation, EDS analyses were performed on three randomly selected

regions (M: matrix, P: precipitate, SP: small precipitate).
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Original Article
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